Several recently developed highly alloyed steel grades have shown unsurpassed performance in terms of physical, chemical, and electromagnetic properties. However, broader commercialization of these steels has been hampered by limitations in mold flux performance. Newly developed steels containing considerable amounts of dissolved Al, Mn, and Ti actively react with typical CaO-SiO 2 -based mold fluxes, which severely changes the composition and subsequently the thermophysical properties of the mold flux that determine the external and internal quality of the as-cast steels. These dynamic changes result in nonuniform heat transfer, lubrication issues, surface defects, and caster breakouts. This work critically assesses the current status of the high-temperature thermophysical properties of CaO-SiO 2 -based and CaO-Al 2 O 3based mold fluxes intended for use in casting highly alloyed steel grades. Thermophysical properties, including viscosity, crystallization, thermal conductivity, and heat flux, have been evaluated. The effect of compositional variables including CaO/SiO on these high-temperature thermophysical properties are discussed.
Introduction
With increased global urbanization, demand for renewable energy, lower energy dissipation during energy conversion, and fuel-efficient transportation, the steel industry has seen substantial growth for highly alloyed steels that can contain substantially higher Al, Mn, and Ti contents than typical carbon steels. [1] [2] [3] [4] [5] [6] These new grades of steel seek to satisfy requirements for higher strength and formability with greater weight reductions, higher corrosion resistance at elevated temperatures, and higher relative magnetic permeability, resulting in lower hysteresis loss. [7] [8] [9] To be cost effective in producing these highly desired steels, continuous casting is necessary, and mold fluxes play an essential role in ensuring the external and internal product quality. [10] [11] [12] [13] [14] Optimal mold fluxes are designed to have specific physicochemical properties to enhance lubrication and provide uniform horizontal heat extraction of the superheat from the molten steel through the partially solidified shell in a water-cooled copper mold. 7, 15) However, the aforementioned steel grades and the dissolved alloying elements can react with the typical CaO-SiO 2 -based mold flux constituents due to the favorable thermodynamics of the redox reactions. [16] [17] [18] [19] Figure 1(a) summarizes the tensile strength and elongation characteristics for highly alloyed steels, including high-Al, high-Mn, high-Mn with high-Al, and high-Ti steels. 20) High-Al transformation-induced plasticity (TRIP) steels with Al above 1 wt% have gained broad interest due to their combination of high strength-to-weight ratio and excellent ductility. 21) However, during continuous casting, the chemical reaction between SiO 2 in the mold flux with dissolved Al in the steel increases the Al 2 O 3 to SiO 2 mass ratio (Al 2 O 3 / SiO 2 ), as shown in Fig. 1(b) , which can cause casting issues and affect the quality of the semifinished products. 22, 23) Recently, commercialized high-Mn twinning-induced plasticity (TWIP) steels with Mn in excess of 10 wt% have been identified to have even greater strength and ductility than TRIP steels, thereby attracting the attention of the automotive, maritime, and offshore industries. 24) As depicted in Fig. 1(c) , the MnO content in the flux tended to increase with prolonged exposure to the steels and reached a steady state within a relatively short time. 25) Further mechanical property enhancements, such as improving elongation uniformity and suppressing delayed fracture, can also be achieved with the addition of Al above 1 wt%. 17) Recent studies focusing on the reaction mechanism between the conventional CaO-SiO 2 -based mold fluxes and molten steel with both high-Mn and high-Al have suggested that the Al content in the steel is the dominant factor determining the final composition and properties of the flux that results in excessive Al 2 O 3 formation, as shown in Fig. 1(d) . 18, 26) During casting of high-Ti ferritic stainless steels using existing calcium-silicate fluxes, increases in TiO 2 content can be observed in the mold flux. This phenomenon can be caused by the absorption of TiO 2 and TiN inclusions from the molten steel formed during secondary steelmaking and the oxidation of dissolved Ti in the steel by SiO 2 in the mold flux. 27) Although the reaction of dissolved Ti with SiO 2 is not as pronounced as the reactions of Al and SiO 2 , appreciable amounts of TiO 2 are observed, as depicted in Fig. 1(e) . 19) This increase in the TiO 2 content also changes the thermophysical properties of the mold flux. 19, 28) Some basic theoretical slag-metal reactions already considered during the casting of these aforementioned highly alloyed steels using conventional CaO-SiO 2 -based mold fluxes are given in Table 1 . However, similar to the actual steelmaking slag reactions in refining, the reactions forming complex oxides have yet to be fully understood, which can fundamentally alter the thermodynamic driving forces that govern the kinetics of the reactions and the thermophysical properties of the mold flux. 1, 27, 29) For high-Mn or high-Ti steels, the content of MnO or TiO 2 in the mold flux increases, and the corresponding SiO 2 content decreases. For high-Al steels, there is a rapid and significant amount of Al 2 O 3 formation and subsequent SiO 2 reduction observed, which reach a steady-state within a relatively short residence time. These thermodynamically favorable reactions at steelmaking temperatures result in significant compositional changes in the mold flux that alter the intended thermophysical properties of the flux, which can affect the heat transfer and lubrication ability of the mold flux, subsequently decreasing the quality of the semifinished product. Thus, considerable efforts have been made to either inhibit or compensate for these reactions.
The chemical composition of the mold flux is constantly changing throughout the casting process, so the mold flux fed into the gap between the solidified shell and the mold has inconsistent properties, resulting in quality problems such as cracks or dents on the surface of the slab. Further deterioration conditions in the mold, including low mold flux consumption and heavily sintered layers, may also cause a breakout prevention alarm and the interruption of the continuous casting process. 1) These are caused by the fact that the slag crystallization behavior and heat transfer uniformity cannot meet the current steel grade. Furthermore, regardless of the grade of steel, it is necessary to ensure good lubricity of the mold flux in the continuous casting process. Therefore, the present review is needed to summarize the properties of the modified mold flux to provide some reference and guidance for casting different highly alloyed steels.
This review attempts to highlight the results in the available literature on the thermophysical properties of CaO-SiO 2 -based and CaO-Al 2 O 3 -based mold fluxes developed for [18] [19] [20] 22, 23, 25, 26) (Online version in color.) highly alloyed steels. In particular, the viscosity, crystallization, thermal conductivity, and heat transfer behavior of the mold flux are assessed. By providing a critical evaluation of these properties for mold fluxes with different additives and processing conditions, technical guidance and possible research directions can be elucidated for the design and optimization of mold fluxes for these highly alloyed steel grades in the future.
Classification and Trends for Mold Flux Development
The typical chemical compositions of a multicomponent conventional mold flux for carbon steels are shown in Table  2 . 30) The traditional mold powders are based on the CaO-SiO 2 slag system, where a combination of fluidizers is added to optimize the thermophysical properties of the mold flux and ensure stable continuous casting. Among these fluidizing agents, fluoride, in the form of CaF 2 , is commonly used as an additive because it can increase the initial crystallization temperature for nucleation while lowering the melting temperature and viscosity to improve the fluidity of the mold flux. 31, 32) As the crystallization temperature is increased, the primary crystalline phase of cuspidine (Ca 4 Si 2 O 7 F 2 ) is easily formed and uniformly dispersed, which can be used to effectively control the horizontal heat transfer between the molten steel and water-cooled copper mold.
On the other hand, excessive fluorine contents generate environmentally harmful HF, SiF 4 and NaF, increasing the corrosion of the continuous casting machine. [33] [34] [35] During common casting operations, up to 30 wt% of the fluoride in the mold flux has been estimated to dissolve with the secondary cooling water discharge, increasing water pollution and equipment corrosion. 36) Considering the emergence of green metallurgical processing, there has been considerable drive to develop low-fluorine or fluorine-free mold fluxes while maintaining or improving the steel quality. Other oxides, such as Na 2 O, K 2 O, Li 2 O, MgO, MnO, B 2 O 3 and TiO 2 , have also been added into multicomponent mold flux systems to compensate for the negative impact on the mold flux properties with lower fluoride contents, resulting in primary crystalline phases of calcium borosilicate (Ca 11 Si 4 B 2 O 22 ) and perovskite (CaTiO 3 ) to substitute the typical cuspidine phase in CaO-SiO 2 -based mold fluxes. [37] [38] [39] [40] As a result of the recently developed highly alloyed steels, greater customer expectations, and increased green processing needs, the requirements and compositions of mold fluxes have undergone significant changes. Aggressive reactions of the slag and the dissolved elements in the metal often occur for these special steels, resulting in significant compositional changes. In particular, mold flux composition changes from SiO 2 -rich to Al 2 O 3 -rich, TiO 2 -rich, and MnO-rich compositions have been observed. Several studies have attempted to develop nonreactive CaO-Al 2 O 3 -based or CaO-TiO 2 -based mold fluxes, but problems with controlling the crystallization, heat transfer, and subsequent detrimental impact on the lubrication require significant amounts of additives, such as B 2 O 3 , Li 2 O, Na 2 O and BaO, to compensate for the adverse effects on the thermophysical properties. 15, [41] [42] [43] [44] Within the mold fluxes, the constituents will dissociate into their respective anions and cations to intrinsically interact and form coordinated bonds, resulting in short-range ordered structural units. These constituents comprising the flux can either act as network formers (SiO 2 , B 2 O 3 , TiO 2 , Fe 2 O 3 and others) or network modifiers (CaO, BaO, FeO, Na 2 O, Li 2 O and others). 11, 45, 46) Al 2 O 3 is an amphoteric oxide, which can behave as a network former or modifier depending on the overall ratio between the existing network forming and modifying oxides present. 47, 48) The structural units formed through the interaction between the network forming and modifying cations and anions can be correlated to the viscosity and crystallization behavior of the slags, which subsequently affects the lubrication and heat transfer behavior of the flux and the surface quality of the semifinished product. The typical effects on the viscosity, crystallization temperature, thermal conductivity and heat flux of some typical mold fluxes are summarized in Table 3 . 28, 32, 39, 42, 
Mold Flux Behavior for Different Highly Alloyed Steels

Flux Developments for High-Al Steels
Viscous Behavior
There have been two main approaches in designing mold fluxes for high-Al steels. One approach was based on retaining the CaO-SiO 2 -based slag system, where the necessary mold flux properties are ensured by adding different fluxing agents. By estimating the expected compositional changes at the thermodynamic equilibrium state for the slag-steel reaction during the casting of high-Al steel, the thermophysical properties required for acceptable lubrication and heat transfer can be met with the addition of appropriate fluidizers. The other approach was based on developing a CaO-Al 2 O 3 -based slag system, which is nonreactive with dissolved Al, by adding various fluidizers resulting in thermophysical properties comparable to the existing mold fluxes but with different primary crystalline phases beyond the cuspidine phase. 85) Blazek et al. 86) and Kim et al. 18) studied the utilization of CaO-SiO 2 -based mold fluxes for casting high-Al steels, where the content of Al 2 O 3 continued to increase in the liquid flux pool as long as a sufficient SiO 2 content above a Table 2 . Compositions of traditional mold flux and some typical newly developed mold fluxes for some special alloy steels. critical amount was present in the slag. Others 22, 23, 41) have also observed this trend, and according to empirical evidence, the critical SiO 2 content seems to be approximately 10 wt% Considering the need to lower the melting point of the flux, SiO 2 additions up to 10 wt% may be possible. CaO-SiO 2 -based mold flux having higher CaO to SiO 2 (CaO/ SiO 2 ) mass ratios with lower viscosities and melting temperatures can suppress the steel-slag reaction and lower the thermodynamic driving force of the reactions. 23 52) studied the effect of CaF 2 on the viscosity of CaO-SiO 2 -based mold flux containing Na 2 O for application to TRIP steels. CaF 2 additions of up to 8 wt% decreased the viscosity but had no further effects beyond Table 3 . Viscosity, crystallization temperature, thermal conductivity and heat flux of some typical CaO-SiO2-based and CaO-Al2O3-based mold fluxes ("↓": decrease; "↑": increase; "↓↑": initial decrease and then increase; and "↑↓": initial increase and then decrease). 8 wt% CaF 2 and NaF have similar effects on depolymerizing the slag network, which lowers the viscosity and improves the diffusion kinetics to accelerate the formation of the primary cuspidine phase during cooling. However, the reactions of CaF 2 and NaF with SiO 2 and the volatilization of the fluorides at high temperatures may result in other operational problems at the casters that would need to be considered. 32) To circumvent some of the concerns of fluorides, some studies have focused on developing low-fluorine or fluorinefree mold fluxes with the addition of B 2 O 3 and Li 2 O in CaO-SiO 2 -based mold fluxes for high-Al TRIP steels. 28 Fig. 2(b) . However, as the CaO/Al 2 O 3 ratio continued to increase above 2, the viscosity began to increase due to unmelted CaO. 93) A similar "V" shaped trend of the viscosities with increasing CaO/Al 2 O 3 ratio was also obtained by Yan et al. 66) in the CaO-Al 2 O 3 -SiO 2 -Na 2 O-B 2 O 3 -CaF 2 slag system at lower temperatures. These changes in viscosity are closely related to the network structure of the melt at higher temperatures, where the degree of polymerization (DOP) decreased for slags with higher CaO/Al 2 O 3 ratios. Since the crystallization temperature will increase with increasing CaO/Al 2 O 3 ratios, the crystals precipitate more readily at higher CaO/Al 2 O 3 ratios, and greater undercooling will enhance crystal growth, thereby increasing the viscosity.
Mold flux classification
With increasing B 2 O 3 content, the viscosity decreased in the CaO-Al 2 O 3 -based mold flux, which is similar to the behavior exhibited by CaO-SiO 2 -based mold fluxes. 54, 56) The structural analysis suggested that increases in the B 2 95) However, the viscosity seems to slightly increase for Li 2 O contents in excess of 7 wt% due to the formation of the lithium aluminate (LiAlO 2 ) crystal phase, which has a high melting point. 94) According to Wang and Sohn, 55) the substitution of CaO with equal amounts of BaO can increase the viscosity of CaO-BaO-SiO 2 -Al 2 O 3 -MgO slags, which is consistent with the trends observed by others in the CaO-SiO 2 -Al 2 O 3 -BaO slag system 95) and CaO-SiO 2 -Al 2 O 3 -MgO-Na 2 O-Li 2 O-CaF 2 -BaO slag system. 58) The increasing viscosity trend, especially at higher BaO contents, can be attributed to the significantly different molecular mass between BaO (153.33 g/mol) and CaO (56.08 g/mol), which results in a dramatic decrease in the number of network modifiers, thereby increasing the DOP and the viscosity.
Crystallization Behavior
The most important parameter for the crystallization behavior is the crystallization temperature, which may depend on the experimental methods employed. For the confocal laser scanning microscopy (CLSM) and single hot thermocouple technology (SHTT), where the crystallization behavior can be observed, the crystallization temperature corresponds to the temperature at which the initial crystal nucleation can be observed. For the differential scanning calorimetry (DSC) and differential thermal analysis (DTA), the crystallization temperature corresponds to the temperature taken from the intersection of the tangent of the heat flow curve before the exothermic peak and the tangent of the steep exothermic peak curve. The volumetric heat analyzed from the DSC and DTA require significant crystal nucleation and growth to occur before appreciable changes can be detected. Higher crystallization temperatures were observed in the CaO-Al 2 O 3 -SiO 2 -MgO slag system with higher Al 2 O 3 /SiO 2 , 64) as shown in Fig. 3(a) 96) As expected, depending on the components comprising the mold flux system, varying crystallization behaviors can occur.
Seo et al. 63) performed DSC tests and found a lower crystallization temperature with a 1.8 wt% Li 2 O addition in CaO-SiO 2 -based slags, similar to the findings of Yang et al. 97) However, greater additions of Li 2 O may promote the formation of LiAlO 2 , 98) which increases the driving force of the initial nucleation in liquid slags. Due to the lower viscosity with Li 2 O additions, diffusion of ionic species is promoted, which can increase the growth rate of the primary crystals. 99) Jiang et al. 100) used SHTT to construct the time-temperature-transformation (TTT) and continuous-coolingtransformation (CCT) curves for CaO-Al 2 O 3 -based mold fluxes, and they found that Al 2 O 3 additions seemed to enhance crystallization with CaO/Al 2 O 3 ratios between 0.8 and 1.2. In addition, the critical cooling rate and crystallization temperature increased with shorter incubation times with lower CaO/Al 2 O 3 ratios. Although the increased viscosity observed at higher Al 2 O 3 contents can still meet the fluidity requirements for mold fluxes during continuous casting, 94) the melting temperature and initial crystallization temperature for nucleation in CaO-Al 2 O 3 -based mold fluxes dramatically increase with higher Al 2 O 3 contents, which typically exceed the necessary conditions for optimal casting of high-Al steels. 93, 94) To resolve the problems of strong crystallization and subsequent insufficient lubrication for CaO-Al Other works have identified BaO to potentially control the crystallization rate of fluxes 69, 74, 102, 103) because the melting point of BaO (2 196 K) is much lower than that of CaO (2 846 K). Lu and Wang 69) and Yan et al. 74) observed that the partial substitution of CaO with BaO can inhibit crystallization in CaO-Al 2 O 3 -based mold fluxes by increasing the incubation time, as shown in Fig. 3(b) . This approach can increase the potential vitrification fraction of the mold flux, which is more conducive to lubrication in continuous casting. 94, 104) Although the substitution of CaO with BaO can inhibit crystallization, the barium calcium aluminate (BaCa 2 Al 8 O 15 ) primary phase has been known to precipitate during continuous cooling in CaO-Al 2 O 3 -based fluxes. 105) However, according to Wang and Sohn, 55, 90) although the substitution of CaO with equimolar amounts of BaO can reduce the liquidus temperature of CaO-Al 2 O 3 -based mold flux to inhibit crystallization, the substitution of CaO with BaO cannot occur without restrictions. As BaO gradually replaces CaO, there is also a significant increase in the viscosity of the mold flux, which should also be considered, and the optimal amount of BaO used to inhibit crystallization must be balanced with the combined effect of higher flux viscosities. 55, 58, 90) In addition, Fig. 3 (b) also shows that lower CaF 2 contents can promote crystallization by decreasing the incubation time and accelerating the formation of gehlenite with a higher nucleation temperature. 65, 69) Furthermore, the incubation time sharply decreased with higher Al 2 O 3 /SiO 2 ratios in the fluorine-containing mold flux, as shown in Fig. 3(b) ; 74) this phenomenon can be ascribed to the acceleration of the precipitated primary phases, which changed from cuspidine to gehlenite, as shown in Fig. 4 . 63, 78, 106) 
Heat Transfer Behavior
The overall heat transfer through the copper mold is the sum of the conductive and radiative heat terms, which is affected by the characteristics of the mold flux film. 107) This film is comprised of the liquid, glassy, and crystalline phase situated between the water-cooled copper mold and the partially solidified steel shell. The partition between these phases depend on the flux properties including the crystallization behavior. 107 where q Rad. and q Cond. correspond to the heat transfer though slag film via the radiation and conduction mechanism, respectively.
Due to the crystallization of the mold flux, the uneven air gaps can be formed at the interface between the copper mold and the mold flux to increase the thermal resistance, thereby reducing the heat transfer. In addition, the scattering caused by the crystallites present in the slag film can also inhibit the radiation. 10, 107) The overall resistance to heat transfer (R Tot. ) between the shell and mold can be regarded as a series of resistances as shown in the following equation, 15 where R Int. is the interfacial resistance, R Liq. , R Glass. and R Cryst. are the resistance in the liquid, glassy and crystalline phases, and d is the thickness of different phases. Since R Int. was also found to increase with increasing solid slag thickness and increasing crystallinity, the key factor affecting heat transfer is the thickness of the solid slag film and the fraction of the crystalline. 15) Thus, understanding the crystallization behavior of mold fluxes is essential in controlling the overall heat transfer in the mold. For CaO-SiO 2 -based mold fluxes, the precipitated cuspidine primary phase is generally used to effectively control the heat transfer between the molten steel and the mold. 108) However, with changes in the Al 2 O 3 /SiO 2 and CaO/SiO 2 ratios, the formation and growth kinetics, morphology, and distribution of cuspidine can be greatly affected, resulting in unoptimized and uneven heat transfer in the mold. Therefore, several works have been carried out to optimize the heat transfer performance of mold flux for casting high-Al steels.
As the Al 2 O 3 content increases from 7 to 30 wt% in the CaO-Al 2 O 3 -based flux containing 6 wt% CaF 2 , the primary phase changes from cuspidine to carnegieite and then to fluorite, where the crystallization temperature decreases. As the Al 2 O 3 content increases further to 40 wt%, the primary phase becomes gehlenite with a higher crystallization temperature. With the transformation of the primary phase and the decrease in crystallization temperature, the heat flux gradually decreases as the Al 2 O 3 content increases from 7 to 30 wt% and then increases as the Al 2 O 3 content increases to 40 wt%, which is inversely proportional to the trends exhibited by the crystalline layer thickness and the crystalline fraction with increasing Al 2 O 3 content. 83) For Li 2 O additions ranging from 2 to 5 wt% in CaO-Al 2 O 3 -based mold fluxes, the shortened incubation time and increased crystallization temperature resulted in lower heat flux densities. 76) For the same slag system, Wang et al. 77) observed that the incubation time of nonreactive mold flux increased with increasing Na 2 O content. The restrained crystallization behavior leads to inhibited growth of slag rims and increases the heat flux during continuous casting of high-Al steels.
Flux Developments for High-Mn Steels
Viscous Behavior
For high-Mn steels with low Al content, the interfacial reaction between the slag and metal is predominantly controlled by the dissolved Mn in the molten steel. Yang and Zhu 25) studied the reaction between high-Mn steel (Mn = 5 to 18 wt%; Al = 0.004 to 0.01 wt%) and the CaO-SiO 2 -based flux system, where MnO in the mold flux reached 12 wt% after 30 min; moreover, they found that higher CaO/SiO 2 ratios in the mold flux helped to reduce the accumulation of MnO. The slag viscosity was found to decrease continuously with increasing MnO content and decreasing SiO 2 content in the melt. This behavior is due to an increase in O 2 − and decrease in complex oligomer structures formed from [SiO 4 ]-tetrahedral units in the melt, which decreases the DOP of the slag and lowers the shear stress required for viscous flow. A decreasing break temperature was also observed with increasing MnO content and decreasing SiO 2 content, which has been known to be beneficial in reducing slag rims at the meniscus, resulting in improved lubrication and decreased thermal resistance.
Due to the excellent mechanical properties of high-Mn steels with Al additions, numerous studies have been carried out on the thermophysical properties of mold flux systems for high-Mn and high-Al steels. Kim et al. 18, 26) studied the reaction between high-Mn and high-Al steel (Mn = 13 to 20.8 wt%; Al = 0.4 to 5.2 wt%) with CaO-SiO 2 -based mold fluxes, where Al 2 O 3 increased and MnO sharply increased at the beginning of the reaction followed by a rapid decrease. Mn was initially oxidized by SiO 2 , which was then reduced by the high Al content in the molten steel. In addition, lower CaO/SiO 2 ratios in the mold flux, lower Al content in the steel, and higher temperatures could enhance the MnO content in the molten flux with a MnO content of approximately 7 wt% at a CaO/SiO 2 ratio of 0.3. 18) Although both Al 2 O 3 and MnO accumulate in the flux, the flux reaction with Al has a greater thermodynamic favorability than the reaction with Mn, which results in a higher Al 2 O 3 content balanced with MnO at steady state. 17, 18, 109, 110) To optimize the viscosity of mold fluxes for casting high-Mn and high-Al steels, several reports have observed the effect of CaO/SiO 2 ratio, Al 2 O 3 /SiO 2 ratio or the additions of fluidizers. 14, 42, 52, 53, 57, 111) Since many of the optimized mold flux viscosity studies in the aforementioned section were based on high-Al TRIP steels and high-Mn and high-Al TWIP steels, most of the viscosity behavior of mold fluxes for high-Mn and high-Al steels can be referred to as the viscosity behavior for high-Al steels. In addition, He et al. 112) clarified that the multicomponent and proportional compositions of each component can be used to lower the content of CaO and SiO 2 and increase other fluxing agents to ensure the stability of the mold flux performance. It was found that adding MnO can accelerate the reaction between Al and MnO and partially restrain the reaction between Al and SiO 2 . Since MnO has less influence on the slag performance than SiO 2 , using MnO may reduce the demerits caused by large changes in SiO 2 content on the thermophysical properties of the mold flux.
Some computational models have also been developed to estimate the changes in the composition of molten slag during continuous casting of high-Mn and high-Al steels. 110, 113) Wang et al. 110) studied the reaction of CaO-SiO 2 -based mold fluxes with a 20Mn23AlV (Mn = 21 − 25wt%) steel and developed a model equation to predict the Al 2 O 3 accumulation in the mold flux during casting. Kim and Kang 113) developed a multicomponent reaction model to describe the complex reactions between high-Mn and high-Al steels with CaO-SiO 2 -based fluxes. Based on the impact factors of the model, the compositional changes in the steel and the flux during continuous casting can be simulated, which may be useful for predicting the viscosity and crystallization behavior of the flux and potentially identifying the components necessary for compensating for the potential deterioration in the flux performance.
Crystallization Behavior
For high-Mn steels with low Al content, the crystallization temperature initially increase and then decrease as the CaO/SiO 2 ratio and MnO content increase. 25) As the MnO content increases, tephroite (Mn 2 SiO 4 ) crystals are formed by consuming [SiO 4 ]-tetrahedral structural units within cuspidine, resulting in a reduced fraction of cuspidine crystals during continuous cooling.
As described previously for casting high-Mn and high-Al steel, the dominant component changes in the mold flux is the accumulation of Al 2 O 3 and the consumption of SiO 2 , where a sharp rise in the Al 2 O 3 /SiO 2 ratio can be detected, which affects the crystallization behavior of the mold flux similar to casting high-Al steels. Thus, the effect of the Al 2 O 3 /SiO 2 ratio and the addition of other fluxing agents to optimize the crystallization behavior can be found in the previous discussions on high-Al steels.
The crystallization behavior of the mold flux during casting of some specific high-Mn and high-Al steels is discussed below. Using the traditional CaO-SiO 2 -based mold flux with low melting points and a low CaO/SiO 2 ratio for casting 20Mn23AlV (Mn = 21 − 25wt%) nonmagnetic steels, Yu et al. 114) observed that an increase in the Al 2 O 3 /SiO 2 ratio promotes the nucleation of fluorite crystals in the slag melt. Considerable efforts have been made to optimize nonreactive CaO-Al 2 O 3 -based mold fluxes, which could moderate the metal/slag interaction and control the heat flux during casting of high-Mn and high-Al steels. For nonmagnetic 20Mn23AlV (Mn = 21 − 25wt%) steels, the reaction between Al and SiO 2 results in higher melting temperatures and higher viscosities and provides a greater propensity for the nucleation and gradual growth of the gehlenite crystals in the flux. 115) Higher Al 2 O 3 /SiO 2 ratios also increase the crystallization temperature and shorten the incubation time, reducing the overall heat transfer. 74) It can be inferred from the phase diagram that higher Al 2 O 3 contents and increased CaO/SiO 2 ratios can promote the precipitated phase to shift from wollastonite with a low crystallization temperature to gehlenite with comparatively higher crystallization temperatures. This inference seems to coincide with the findings reported by Hiromoto et al., 116) where an Al 2 O 3 content greater than 20 wt% promoted the formation of gehlenite and inhibited the formation of cuspidine. The excess F − that is not consumed by the formation of cuspidine will combine with Ca 2 + to precipitate fluorite.
Yan et al. 66) studied the effect of a wide range of CaO/ Al 2 O 3 ratios, from 0.6 to 3.2, on the crystallization behavior of mold fluxes for casting 20Mn23AlV (Mn = 21 − 25wt%) steel and found that increasing the CaO/Al 2 O 3 ratio initially inhibited and then enhanced crystallization by initially decreasing and then increasing the crystallization temperature. Moreover, they found that increasing the CaO/Al 2 O 3 ratio initially increased and then decreased the incubation time. In addition, they found that a lower viscosity with a higher CaO/Al 2 O 3 ratio could reduce the mass transfer resistance and accelerate the crystal growth rate.
The effect of substituting CaF 2 with B 2 O 3 on the crystallization behavior of nonreactive CaO-Al 2 O 3 -based mold fluxes showed that CaF 2 inhibited the crystallization of CaO-Al 2 O 3 -based mold fluxes by lowering the crystallization temperature and prolonging the incubation time for crystallization, 65) which was contrary to the behavior exhibited by CaO-SiO 2 -based mold fluxes. 32) The results also confirmed that with CaF 2 contents up to 20 wt%, cuspidine was not formed in the CaO-Al 2 O 3 -based mold flux containing 5 wt% SiO 2 . As the CaF 2 content decreases, the primary crystal phase changes from calcium aluminum oxyfluoride (Ca 2 Al 3 O 6 F) to gehlenite. The addition of B 2 O 3 from 10 to 20 wt% in fluoride-free CaO-Al 2 O 3 -based mold fluxes inhibits the crystallization of gehlenite and promotes the formation of takedaite (Ca 3 B 2 O 6 ) at lower temperatures. 65) 
Heat Transfer Behavior
For high-Mn steels with low Al content, the thermal conductivity of CaO-SiO 2 -based mold flux decreased with increasing MnO contents. 117) With MnO additions, O 2 − depolymerized the complex silicate networks, resulting in the disaggregation of the cuspidine and the generation of the tephroite (Mn 2 SiO 4 ) phase, which has poor conductivity and a lower melting point, thereby leading to lower conductive heat transfer. 118) For high-Mn and high-Al steels, an increase in Al 2 O 3 / SiO 2 promotes the primary phase to change from cuspidine to gehlenite with a higher crystallization temperature, thereby inhibiting heat transfer by decreasing the thermal conductivity of the slag film, as shown in Fig. 5(a) . 74, 75) Therefore, the hindered heat transfer with a higher Al 2 O 3 / SiO 2 ratio will adversely affect the quality of the slab and the stability of the casting process. 74) Some studies have indicated that the substitution of CaO with BaO can address the concerns of the crystallization behavior in CaO-Al 2 O 3 -based fluxes by reducing the crystallization temperature and extending the incubation times at elevated Al 2 O 3 /SiO 2 ratios. 69, 74) Thus, partial substitution of CaO with BaO could compensate for the reduced thermal conductivity caused by the increase in the Al 2 O 3 /SiO 2 ratio during casting of high-Mn and high-Al steels, as shown in Fig. 5(a) .
Further investigations on the effect of a wide range of CaO/Al 2 O 3 ratios, from 0.6 to 3.2, on crystallization behavior were conducted by Yan et al., 66, 75) where increases in the CaO/Al 2 O 3 ratio initially increased and then decreased the thermal conductivity, as shown in Fig. 5(a) . This finding correlated well with the initially inhibited and then enhanced crystallization behavior, as demonstrated by the changes in initial crystallization temperatures and incubation times. Although B 2 O 3 showed similar effects to CaF 2 on heat flux in CaO-Al 2 O 3 -based mold fluxes, the ability of B 2 O 3 to enhance thermal conductivity was stronger than that of CaF 2 , which can be attributed to the formation of Ca 3 B 2 O 6 instead of Ca 2 Al 3 O 6 F in fluorine-containing CaO-Al 2 O 3based mold fluxes. 32, 65) Beyond compositional changes made to the fluxes, Cho et al. 119) observed significant improvements in the castability of high-Mn and high-Al (Fe-18Mn-0.6C-1.5Al) steel using liquid flux feeding. By ensuring a thick liquid pool, reactions between the flux and dissolved elements would be diluted and a relatively constant CaO/SiO 2 ratio of 0.6 with an Al 2 O 3 pickup less than 10 wt% was maintained to ensure stability in the thermophysical properties of the mold flux. Some limitations of this liquid feeding approach would be the economics of melting slag, the additional nonreactive auxiliary equipment necessary, the greater volatilization of gaseous species, and the mold cover requirements to ensure vertical radiative thermal insulation.
Flux Developments for High-Ti Steels
Viscous Behavior
According to Mills, 11) the problems encountered in the continuous casting process of high-Ti stainless steels are related to the increase in the TiO 2 content from the slag/ metal reaction and the liquidus temperature associated with austenitic stainless steels, which is lower than that of typical carbon steels. Mukongo et al. 19) sampled the mold flux during casting of a 6 wt% Ti-stabilized austenitic stainless steel, where a TiO 2 content of 3-4 wt% was observed. This amount of dissolved Ti is uncommon, but several steel producers have been producing Ti-containing steels above 1 wt%, which should also result in significant reactions that form TiO 2 .
Substitution of SiO 2 with TiO 2 up to 10 wt% in mold fluxes for casting high-Ti-stabilized stainless steels at temperatures between 1 563 and 1 623 K showed the viscos- ity to decrease with increasing TiO 2 content. 120) At lower temperatures, the viscosity of mold fluxes with 10 wt% TiO 2 was greater than that of TiO 2 -free slag, which was attributed to the precipitation of solid phases. Wang et al. 28) and Sun et al. 121) studied the viscosity of CaO-SiO 2 -based mold fluxes and found lower viscosities with higher TiO 2 contents. These findings are comparable to the results of Zheng et al. 122) in the CaO-SiO 2 -TiO 2 slag system and those of Park et al. 123) and Feng et al. 124) in the CaO-SiO 2 -Al 2 O 3 -MgO-TiO 2 slag system. Two factors seem to be prevalent regarding the addition of TiO 2 , which are the decrease in the main constituents of SiO 2 , where [SiO 4 ]-tetrahedral units are depolymerized, and the bond energy of Ti-O, which is weaker than that of Si-O. 28, 120, 122, 123) With regard to the existing literature on nonreactive CaO-Al 2 O 3 -based mold fluxes for casting high-Ti steels, there seems to be limited research on this particular subject and may require more in-depth attention in the near future.
Crystallization Behavior
For casting high-Ti steels with CaO-SiO 2 -based mold fluxes, F has been replaced with TiO 2 to generate the perovskite primary crystal phase, thereby substituting the cuspidine phase to control the heat transfer. 27, 125, 126) It has been speculated that TiO 2 reduces the infrared transmittance of the slag film and inhibits radiation heat transfer. In addition, Nakada and Nagata 127) also observed that the incubation time for titanite (CaSiTiO 5 ) nucleation in CaO-SiO 2 -TiO 2 slags was comparable to that of the cuspidine phase in commercial mold fluxes, which suggests that the CaSiTiO 5 could also crystallize rapidly in slag films similar to cuspidine in commercial mold fluxes.
By comparing the crystallization temperature and evaluating the effective activation energy for crystal growth, the substitution of SiO 2 with TiO 2 can restrain the nucleation of the dominant cuspidine and favor the nucleation of perovskite in the CaO-SiO 2 -CaF 2 -based mold flux. 120, 128) While cuspidine is the dominant crystal phase for TiO 2 -free slags, a combination of the perovskite and cuspidine phase is detected with 5 and 10 wt% TiO 2 , where a greater fraction of perovskite is observed. Sun et al. 121) also observed that TiO 2 additions can restrain the nucleation of cuspidine and wollastonite and promote the nucleation of perovskite and melilite. For mold fluxes with different CaO/SiO 2 ratios of 0.85 and 1.0, the predominant primary crystal phase transformed from cuspidine to perovskite as the TiO 2 content increased, and the nucleation amount and growth rate of cuspidine were restrained for slags with lower CaO/SiO 2 ratios. 79) With fluorine-free CaO-SiO 2 -based mold fluxes, the crystallization was promoted with shorter incubation times as the TiO 2 content increased from 5 to 10 wt%, which was ascribed to the lower slag viscosity and greater mass transport accelerating crystallization. 28) 
Heat Transfer Behavior
For the CaO-SiO 2 -based mold flux of some special high-Ti steels, such as 409 ferritic stainless steels (0Cr11Ti, Ti = 6 × Cwt%~0.75wt%) and 321 austenitic stainless steels (1Cr18Ni9Ti, Ti=5(Cwt%−0.02wt%)~0.80wt%), an increase in the heat flux and heat transfer coefficient of the slag film was observed with increasing TiO 2 content, and this effect was more pronounced for mold fluxes with lower CaO/ SiO 2 ratios, 79) as shown in Fig. 5(b) . This phenomenon was speculated to be a suppression of the growth rate and lower crystallization temperature of cuspidine with higher TiO 2 contents and lower CaO/SiO 2 ratios. However, due to the enhanced crystallization of perovskite in fluorine-free TiO 2 -bearing mold fluxes, a lower heat flux can be observed with a higher TiO 2 content, 129) as shown in Fig. 5(b) , which also suggests that perovskite is a potential replacement for cuspidine. The morphology of perovskite is also shown in Fig. 6 , 130) which can be compared with the morphology of cuspidine shown in Fig. 4 .
During actual continuous casting of Incoloy-800 steels containing Al and Ti, surface cracking problems of slabs were found to be highly correlated to the heat transfer behavior of the mold flux and the solidification characteristics of Incoloy-800. Based on the compositions of spent mold fluxes, higher CaO/SiO 2 ratios, MnO contents and CaF 2 contents in mold fluxes could inhibit heat transfer, while higher BaO and Al 2 O 3 contents tended to increase the heat transfer. 82) Yan et al. 82) also considered reducing the CaO/SiO 2 ratio to promote heat transfer and suppress the precipitation of gehlenite and perovskite with a higher nucleation temperature. By adjusting the corresponding compositions, such as a lower CaO/SiO 2 ratio, higher CaF 2 , BaO and Al 2 O 3 contents, and lower MnO content, the newly designed mold flux reduced the melting temperature and provided good lubrication properties with lower crystalline fractions, thereby promoting heat transfer to thicken and strengthen the partially solidified shell. 
Outlook
The thermophysical properties of CaO-SiO 2 -based and CaO-Al 2 O 3 -based mold fluxes for casting highly alloyed steels were critically assessed. By changing the composition of the mold flux in anticipation of the fundamental thermodynamic reactions and compensating the multicomponent flux system with various fluidizers, the necessary thermophysical properties of the mold flux can be met for continuous casting. For the reactive CaO-SiO 2 -based mold flux, it is necessary to stabilize the thermophysical properties by adding different kinds and contents of fluxing agents to either inhibit or compensate for these slag/steel reactions, so that even if the slag/steel reaction increases the Al 2 O 3 / SiO 2 or TiO 2 /SiO 2 ratios, the thermophysical properties can still satisfy the continuous casting requirements of highly alloyed steels. For nonreactive CaO-Al 2 O 3 -based mold fluxes, it is especially crucial to avoid excessively high crystallization temperatures and crystallization morphologies with high aspect ratios, which result in nonuniform heat transfer through the additions of varying fluxing agents.
While the current design philosophy has considered the lubrication ability and the crystallization kinetics of fluxes, control of the crystallization morphology to achieve uniform heat transfer has yet to be fully realized. Much of the current knowledge has been limited to the initial crystallization and the typical uniform crystallization observed for the primary cuspidine crystal phase during casting, whereas the behavior of the CaO-Al 2 O 3 primary crystalline phases is yet to be fully understood. The perovskite phase, which does seem to nucleate rapidly, has limited growth, and excessive TiO 2 additions tend to increase the melting temperature of the flux, which is detrimental to the lubrication properties during casting. Thus, future attempts to accelerate uniform growth of the perovskite phase are critical to its eventual application.
In addition, the role of thermal conductivity for fluxes has yet to be clearly identified. According to recent works, flux crystallization typically inhibits radiative heat transfer but significantly increases conductive heat transfer. Thus, the total heat flux in terms of the radiative and conductive heat transfer should be considered when designing mold fluxes. Furthermore, as crystallization is realized, the viscosity of the fluxes tends to increase significantly, and lubrication may be lost. Thus, optimal mold flux development for highly alloyed steels still requires a balance between the heat transfer mechanisms and lubrication.
In terms of the fluid thermophysical properties that have been widely examined, the continuous casting mold fluxes exist not in a single liquid state but typically exist within the solid-liquid coexisting regions across the casting length of water-cooled copper molds. In particular, although the initial solidification within the caster can assume the flux to be mostly liquid, the total length of the mold is much longer than the meniscus. Liquid flux films extending beyond 300 mm from the meniscus have been identified. 131) Thus, while the break temperature of the mold fluxes is rightly examined and provided by most mold flux vendors, the next generation of nonreactive mold fluxes must be developed considering the solid-liquid non-Newtonian behavior of the flux melt, which should be explored in more detail.
Furthermore, partially glassy fluxes, when exposed to high temperatures along the length of the mold, can crystallize and increase the fraction of crystalline phases. 132) This phenomenon inherently affects the overall heat transfer in the mold, which should also be a topic of discussion in future works.
